Antigen engagement of the TCR may lead to activation of mature T cells while inducing deletion or positive selection of immature thymocytes. Using thymocytes from TCR transgenlc mice recognizing the allo-antlgen H-2K b we investigated whether double-positive CD4+CD8+ (DP) thymocytes constitute a particular developmental stage where signals originating from surface receptor engagement will lead to distinct nuclear signaling. We show that the developmental control of transcription factors Is apparent, at least at two levels. First, NF-AT binding activity was not Induced In response to either antigen or phorbol myrlstate acetate (PMAyionomycIn in DP thymocytes, whereas it was induced In single-positive CD8 thymocytes. Second, antigen induced a different pattern of transcription factor binding activities than PMA/lonomycin in DP thymocytes, AP-1 activity being selectively Induced by antigen and NF-KB by PMA/lonomycln. Further we show that the transcription factors found to be induced in the DP thymic population were not susceptible to the inhibitory effect of cyclosporin A.
Introduction
Antigenic stimulation of mature T cells generally results in lymphokine secretion and proliferation. However, in immature thymocytes, characterized as expressing both CD4 and CD8 co-receptors [double positive (DP)], the same stimulus induces clonal inactivation through programmed cell death (1) . This eliminates autoreactive thymocytes expressing a combination of rearranged a and p chains of the TCR recognizing self (negative selection). Additionally, DP thymocytes are subjected to positive selection and commitment to either the CD4+CD8" [CD4 single-positive (SP)] T helper cell or the CD4~CD8 + (CD8 SP) cytolytic T cell lineage (reviewed in 2). This differentiation step, thought to result from low avidity/ efficacy TCR and co-receptor engagement (3, 4) , ensures an appropriate match between TCR and co-receptor specificities so that CD4 SP and CD8 SP mature T cells express TCR specific for peptides presented by class II or class I MHC products respectively. Since unselected DP thymocytes also die in the thymus (1) , the DP population is clearly the key control point for thymic selection events. Ample evidence shows that the TCR-CD3 complex and CD4/CD8 co-receptor molecules are implicated in these selection events (5) . However, the intracellular signaling involved is still poorly understood. In particular, the question whether DP thymocytes constitute a particular developmental stage where signals originating from surface receptor engagement will lead to distinct nuclear signaling remains unanswered.
Evidence for the regulation of the constitutive activity of the transcription factors NF-AT and NF-KB was reported during ontogeny in the thymus (6) . The observation that the DNA binding activity of certain transcription factors such as NF-AT and AP-1 was not induced in response to phorbol myristate acetate (PMA)/ionomycin in DP thymocytes, although it was induced in more immature CD4~CD8~ [double-negative (DN)] as well as in mature SP thymocytes, lent support to the notion that the expression of inducible transcription factors was developmentally controlled within the thymus (7, 8) Moreover it was recently shown that thymocytes re-acquire their ability to activate AP-1 in response to PMA/ionomycin at the latest DP stage, possibly as a consequence of positive selection (9) . No data were available, however, on responses to TCR engagement, which is not necessarily mimicked by the pharmacological agents.
The immunosuppressive drug cyclosporin A (CsA), known to inhibit particular transcription factors by acting on the Ca 2+ -dependent phosphatase calcineurin, generally inhibits TCR-induced lymphokine gene expression in mature T cells (10) . Although it was initially reported that CsA also inhibited anti-CD3-induced deletion of thymocytes in vivo (11) , recent data indicate that in vitro CsA either does not affect antigeninduced negative selection (12, 13) or even increases it (13) . It appears, however, to inhibit positive selection of DP thymocytes in vitro (14, 15) . The mechanism by which CsA acts on the selection events in the thymus is not understood. It was therefore of interest to determine which transcription factors are induced with antigen at different thymic stages of development and how CsA affects their DNA binding activities.
In this study we investigated the pattern of transcription factors activated upon antigenic stimulation of thymocyte subpopulations and mature CD8 SP T cells from TCR transgenic mice recognizing the allo-antigen H-2K b (16, 17) . First, our results demonstrate that in DP thymocytes the pattern of transcription factor binding activity induced in response to antigen or to pharmacological agents is distinct, AP-1 being selectively induced by antigen, whereas strong NF-KB induction was observed only in response to PMA/ionomycin. Second, our findings show that CsA does not inhibit the antigen-induced binding activity of the studied transcription factors in DP thymocytes, although it does in mature CD8 lymphocytes.
Methods

Mice
Mice transgenic for the KB5 C20 and BM3.3 TCR have been described elsewhere (16, 17) . Mice, between 4 and 8 weeks old, were of the H-2* haplotype corresponding to the background of positive selection (B10 BR or CBA/Ca for KB5.C20 transgenic and BM3 3 transgenic respectively).
Cell purification
A single cell suspension of thymocytes was obtained by gentle disruption of an intact thymus. DP and CD8 SP T cells were purified by negative selection using MACS (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer's instructions. mAb used in this study for cell staining and cell purification were as previously referenced (13) . To isolate DP thymocytes, cells were incubated with anti-H-2K k antibody (13) (see Fig. 1 ) and subsequently with rat antimouse MACS beads. Non-bound cells were shown to be >95% DP by flow cytometric analysis. For the purification of CD8 SP thymocytes we used a biotinylated anti-CD4 antibody, streptavidin-FITC and MACS biotin beads. The thymic CD8 SP population contained >70% CD8 + . The DN population represents <5 and <1.5% of the total thymic population in the BM3.3 transgenic and KBC.20 transgenic mice respectively. For peripheral CD8 + T cells, lymph node cells were incubated with anti-CD4 and anti-B220 antibody, and subsequently with MACS mouse anti-rat beads. After sorting the peripheral CD8 SP population contained >90% CD8 + cells and <1% B cells
FACS analysis
Three-color flow cytometry was performed on total thymocytes using anti-H-2K k mAb 100.5.28 coupled to biotin, anti-CD8 and anti-CD69 antibody coupled to FITC (both prepared in the laboratory), and anti-CD4 coupled to phycoerythrin (from Caltag, San Francisco, CA). All mAb were as previously referenced (13) .
In vitro stimulation
In vitro stimulation of thymocytes was performed as described previously (18) . Thymic populations were added to the H-2K b -transfected (L-K b cells) or control (H-2*) (L cells) fibroblast monolayers at 3xiO 6 /ml for 12 h. Stimulation with 10 ng/ml PMA (Sigma, St Louis, MO) and 1 nM ionomycin (Calbiochem, La Jolla, CA) was carried out for 3 h. These stimulation periods had been established in a kinetic experiment over 24 h. CsA (kindly provided by Sandoz, Rueil Malmaison, France) was added to the incubations at 100 ng/ml (if not stated differently) before the addition of stimulating cells or agents
Nuclear extract preparation
Nuclear extracts from thymocytes were prepared as described (19) with slight modifications. Briefly, 10 7 to 2X10 7 thymocytes were washed with PBS and resuspended in lysis buffer (10 mM HEPES, pH 7.9, 10 mM Tns, 60 mM KCI, 1 mM EDTA, 0.5% Nonidet P-40, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride), the nuclei were pelleted and to the supernatant was added 50 [i\ of nuclear resuspension buffer (250 mM Tris, pH 7.8, 60 mM KCI, 1 mM dithithreitol, 1 mM phenylmethylsulfonyl fluoride). The nuclei were resuspended in nuclear resuspension buffer and sonicated briefly. Cytoplasmic and nuclear extracts were cleared by centnfugation. Protein concentrations in the extracts were determined by the Bradford assay (Bio-Rad protein assay; Bio-Rad, Richmond, CA). Equivalent amounts of extracts were used for in vitro binding assays
Oligonucleotides
Single-stranded oligonucleotides were synthesized at the facilities of the Centre d'lmmunologie as shown below:
TTCTCCTTTTAAACAAAGTATGTCTTCC to -260) Oligonucleotides were purified on an 15% urea-acrylamide gel by UV shadowing and subsequently annealed. AP-1, NF-KB and NF-AT were labeled by polymerization with [a-
32 P] ATP with AMV reverse transcriptase (Promega, St Louis, Wl). In the conditions mentioned hereafter NF-ATc3 (20) does not bind in gel mobility shift assays to the IL-2 NF-AT consensus sequence
Gel mobility shift assay
Binding assays were carried out by incubating the labeled DNA (20,000 c.p.m.) with 5-10 ng of nuclear proteins and 1 ng of poly(dl-C) in a buffer containing 10 mM HEPES, 50 mM KCI, 0.1mMEDTA,5mMMgCI 2 ,10%glycerol, 1 mMDTTand0.1% NP-40 (10 mM Tris, 0.5 mM EDTA, 5% glycerol and 50 mM NaCI for NF-AT). After 30 min on ice (or 45 min at room temperature for NF-AT), the reaction mixture was loaded onto a 4% polyacrylamide gel (4.5% for NF-AT) in 0.25XTBE buffer (1 xTBE for NF-AT) and electrophoresed. Gels were dried and exposed to a FUJI RX film overnight or for NF-AT for 48-72 h at -70°C. For competition a 50-fold molar excess of unlabeled oligonucleotide was added to the reaction mixture prior to the addition of labeled DNA. For supershift experiments antisera were added to the nuclear extracts 30 min prior to labeled probes. Antiserum against NF-ATp (R59 immune) was a kind gift from Dr Anjana Rao (Dana Farber Cancer Institute, Boston), anti-p50 and antip65 antisera were from Dr Michael Karin (UCSD, CA) (21) and from Dr Alain Israel (Institut Pasteur, Paris). Anti-fos (reactive with c-fos, fosB, fra-1 and fra-2) and anti-/un (reactive with cjun, junB and junD) antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Results
Purification and response to antigen and to PMA/ionomycin of DP TCFP^CDed™ thymocytes
The selection events in the thymus take place at the DP stage, and both positive and negative selection appear to upregulate the expression of CD69 (22) (23) (24) . We chose to purify DP CD69 |OW thymocytes from TCR transgenic mice using a cell separation protocol that would not involve binding of any mAb to the selected population to prevent potential activation mediated by the mAb. As can be seen by FACS staining in Fig. 1 , this could be achieved by using an anti-H-2K k mAb. Within the thymocyte population from TCR transgenic mice stained with CD4-and with CD8-specific mAb, the CD4~CD8-and SP CD8 + population are rather homogenously H-2K Wflh , whereas the SP CD4 + and the DP population are heterogenous with respect to H-2K expression (Fig. 1A) (Fig 2a and b ). An increase in CD69 expression is observed on L-K b cultured as compared to L-cultured thymocytes which was bimodal for the total thymocytes with a fraction of thymocytes expressing high CD69, whereas the expression on the purified DP thymocytes was homogenous with an intermediate level of CD69. However, stimulation by PMA/ionomycin shifts the CD69 peak strongly in DP thymocytes (Fig. 2c) suggesting that this type of activation may result from signaling events distinct from those involved in antigenic stimulation Therefore we studied the pattern of transcription factors in response to both types of stimuli.
PMA/ionomycin induced the DNA binding activity of NF-KB, but not of AP-1 and NF-AT in DP thymocytes
A previous report showed that inducible transcription factors such as NF-KB can be activated by PMA and Ca 2+ ionophores at all stages of thymic development. However, the same stimulation failed to induce AP-1 and NF-AT binding activities selectively at the DP stage (8) . Because of the suggested differences between signals transduced in response to PMA/ ionomycin or to antigen engagement of the TCR-CD3 complex, the DNA binding activities induced by these stimuli in thymic populations from mice expressing a TCR transgenic specific for the class I alloantigen H-2K b were compared.
Unseparated, purified DP and CD8 SP thymocytes were stimulated for 3 h in the presence of PMA/ionomycin, after which the nuclear extracts were analyzed by gel mobility shift assays. Our results confirmed that binding activities for NF-KB, AP-1 and NF-AT were inducible in response to PMA/ ionomycin in unseparated thymocytes, in the mature thymic SP population and in the peripheral CD8 + T cells, whereas NF-KB, but not AP-1 and NF-AT binding activities were induced in the DP population ( Figs 3A and 4) . In contrast to the study by Chen and colleagues (8) , the constitutive transcription factor Oct-1 could not be used as a normalizing control because we observed fluctuations of this factor after stimulation. However, gel shifts shown for different transcription factors were always performed with one extract and therefore include an internal control. Extracts from thymocytes lysed immediately after collection without incubation at either 37 or 0°C did not contain detectable NF-KB or AP-1 binding activity. As a control, extracts from thymocytes collected in the same conditions from mice pretreated in vivo with anti-CD3 mAb contained both NF-KB and AP-1 binding activity (N Auphan and A. K. Simon, results not shown) (21) . Therefore, in the experimental conditions defined here, in contrast to those previously described (25, 26) , transcription factor binding activities were not detectable ex vivo, but were induced during in vitro stimulation of thymocytes.
Antigen induced the DNA binding activity of AP-1 strongly, of NF-KB weakly and not of NF-AT in DP thymocytes
We previously reported that K b -expressing fibroblasts could activate and induce apoptosis in the DP subpopulation from K b -specific TCR transgenic mice (13) . As similar results were obtained for two different TCR transgenic models, both with K b -specific alloreactive TCR (13, 17) , results are shown for one or the other TCR transgenic model as indicated in the figures. After 8-12 h, unseparated as well as DP and CD8 SP thymic populations (Fig 3B) , and peripheral mature CD8 SP T cells (results not shown), had strong AP-1 binding activity upon antigenic stimulation. In contrast, NF-KB binding activity was barely detectable in the DP thymocytes although strongly induced in the CD8 SP thymocytes (Fig. 3B ) or in the periphery (results not shown). As for PMA/ionomycin, stimulation by antigen did not induce NF-AT binding activity in the DP thymocytes, whereas it did in unseparated and in the mature CD8 SP thymocytes. This indicates that this transcription factor does not bind to the IL-2 NF-AT consensus binding site in the DP population of the thymus regardless of the stimulus. In contrast, AP-1 DNA binding, previously suggested to be uninducible in the DP population, was readily stimulated by antigen, but not by PMA/ionomycin. 
Differential sensitivity to CsA of the transcription factor binding activities stimulated in thymocytes
In T cells, CsA is an inhibitor of the TCR-induced expression of many cytokine genes, due to the inhibition of the phosphatase calcineurm by CsA-cyclophilin complexes (reviewed in 27). Apoptosis induced by TCR-CD3 engagement in T cell hybridomas was also found to be inhibited by CsA (28) . However, several studies have shown that CsA is not inhibitory for anti-CD3 (13-15), antigen (13) or PMA/ionomycin (this study, results not shown)-induced apoptosis in DP thymocytes. Positive selection, which also results from TCR-CD3 engagement at the DP stage, on the other hand, appears to be inhibited by CsA (14, 15) . It appeared interesting, therefore, to establish which transcription factor-DNA binding activities were induced in the thymus and inhibited by CsA. A doseresponse experiment with CsA in total thymocytes showed inhibition of up to 75% for NF-AT and 25% for NF-KB binding activities in total thymocytes treated with 100 ng/ml CsA (data not shown). In contrast, AP-1 binding activity was not affected by CsA up to 1000 ng/ml in total thymocytes. These findings are consistent with results obtained in the Jurkat T cell line (10) . A concentration of 100 ng/ml CsA was therefore used for the following gel shift experiments.
Different pattern of inhibition by CsA of transcription factor DNA binding in DP versus CDS SP thymocytes or peripheral T cells.
A similar pattern of inhibition by CsA was observed whether CD8 SP thymocytes (Figs. 3A and B) or peripheral CD8 SP T cells (Fig. 4) were stimulated by PMA/ionomycin (Figs 3A and 4) or antigen (Fig. 3B) . Stimulation in the presence of CsA strongly inhibited the induction of NF-AT binding activity (Fig. 3) . Interestingly, here the newly synthesized nuclear fosl jun component associated with the pre-existing cytosolic NF- . Supershift experiments on total thymocytes stimulated by PMA/ionomycin. Thymocytes from KB5 C20-TCR transgenic mice were stimulated by PMA/ionomycin for 3 h (or antigen for 12 h in the case of AP-1) and nuclear extracts prepared Antibodies and antisera were added to the extracts 30 mm prior to labeled probe and subsequently gel shifts were performed.
ATp was susceptible to the calcineunn inhibitor CsA (Fig 4) NF-KB binding activity was also susceptible to CsA, although to a much lesser extent than NF-AT, but no inhibition was found in the DP population (Fig. 3) , whereas AP-1 was not inhibited by CsA at any stage of development (Fig. 3) . Thus the factor NF-AT, for which induced DNA binding activity was inhibited by CsA in thymocytes, was not expressed at the DP stage. To identify bands obtained by gel mobility shifts, supershift experiments were performed with specific antibodies. The upper band of AP-1 was composed of members of the fos family and of the jun family, as indicated by the total shift with anti-fos and partial shift with anti-/un antibodies (Fig. 5) . The lower band (competed out by cold oligonucleotides), which we did not find repeatedly in thymocytes in all experiments, was not inhibited by these antibodies (Fig. 5) . For NF-AT, supershift experiments showed that the upper band was composed of AP-1 and NF-ATp components, and the lower band of NF-ATp (Fig. 5) . For NF-KB, anti-p65 antiserum induced a partial shift of the slower migrating band (Fig. 5) . Competition with a 50-fold molar excess of respective cold oligonucleotides showed complete inhibition of all bands identified by supershift experiments (shown only for NF-AT, results not shown for the other factors).
Discussion
In this report we confirm the developmental difference in response to PMA/ionomycin between immature DP and mature SP thymocytes (8, 9) . In immature DP thymocytes there was no induction of NF-AT nor AP-1 binding activity after stimulation with PMA/ionomycin. Additionally the induction of NF-KB was insensitive to CsA inhibition. Moreover, our study on binding activities of transcription factors induced in response to antigen demonstrated differences compared to PMA/ionomycin induction. NF-AT binding activity was not induced by antigen, whereas AP-1 was strongly induced, but NF-KB only weakly. We conclude that the developmental control of inducible transcription factor activity is apparent at two levels.
First, a connection of TCR-CD3 signaling to the AP-1 rather than the NF-KB pathway is apparent in the DP population, whereas in the CD8 SP population the TCR-CD3 appears to be connected to both pathways. In contrast the pharmacological agents Ca 2+ ionophore and phorbol ester, which bypass surface receptor signaling by increasing cytoplasmic calcium and stimulating protein kinase C, induced a signaling pathway via NF-KB, but not via AP-1 in DP thymocytes. The same agents induced both pathways in CD8 SP thymocytes and mature T cells AP-1 activity is regulated by the state of phosphorylation of its component c-Jun (29) , which is controlled by both phosphatases activated by a protein kinase C-dependent pathway (reviewed in 29) and kinases activated by the p21 ras pathway (reviewed in 30). Our results in DP thymocytes would be compatible with a deficiency in the protein kinase C-dependent pathway, explaining the absence of AP-1 activation in response to PMA at that stage. The ras pathway has been shown to be implicated in TCR-induced signaling in mature T cells (reviewed in 30) . It also appears to be involved in signaling in DP thymocytes as suggested by the observed inhibition of positive selection by the expression of a dominant-negative p21 ras transgene in thymocytes (31) . Activation of NF-KB occurs after dissociation of the IKB subunit, resulting from post-translational modifications which can be induced by various signals including protein kinase C activation (32) . This transcription factor is generally associated with immune and acute phase responses. Our data suggest that in DP thymocytes NF-KB is not activated after TCR engagement and may therefore not be involved in intrathymic differentiation events. Interestingly, mice deficient in the NF-KB subunit p50 were found to present defects in immune responses but no developmental abnormalities in the T cell lineage (31) .
Second, the DP stage where thymocytes are subject to selection is characteristic in its failure for binding of NF-AT to the consensus binding site. Moreover, the fact that both NF-AT and NF-KB, the two main targets for inhibition by CsA, are only weakly inducible with antigen in DP thymocytes can be correlated with the absence of any inhibitory effect of CsA on negative selection in DP thymocytes (12, 13, 15) . This is consistent with results from several groups arguing that negative selection can take place in the absence of Ca 2+ -mediated signals (14, 15, 33) . Moreover, deletion of DP thymocytes in vitro can occur in the presence of KN-62, an inhibitor of Ca 2+ /calmodulin-dependent protein kinase (33) . Finally, CsA fails to prevent negative selection in reaggregate organ cultures where essential thymocyte-stromal cell interactions are maintained (14) . Altogether these results also indicate thatTCR-induced and PMA/ionomycin-induced cell death use a distinct entrance in the death pathway in DP thymocytes as compared with T cell hybridomas and mature T cells. In the latter TCR-induced cell death was inhibited by CsA (28), probably as a result of the inhibition of Fas ligand induction by CsA (34, 35) . In vivo treatment with FK506 shows that the activation of calcineurin is required for the very early intracellular signaling events of TCR-mediated positive selection in DP thymocytes but not of negative selection (15) . Thus, the TCR/co-receptor-mduced transcriptional component which confers CsA sensitivity to the differentiation process of positive selection remains to be defined. Other members of the NF-AT family of transcription factors with distinct and yet unknown DNA binding specificity may be involved in the CsAsensitive step of TCR-dependent signaling in thymocytes, the recently described NF-ATc3 being one such candidate in the mouse (20) .
In conclusion, the incapacity of DP thymocytes to be inducible for NF-AT binding seems to be characteristic of these cells. Taken together, our findings are in favor of the hypothesis that DP thymocytes represent a particular stage of development in terms of signaling events We further demonstrate that in DP thymocytes the pathways stimulated by antigen or by PMA/ionomycin are distinct, indicating the importance of the analysis of antigen-induced responses.
